Background & aims-Fractalkine (FKN/CX3CL1) is a unique chemokine combining adhesive and chemotactic properties. We investigated FKN production by the mucosal microvasculature in inflammatory bowel disease (IBD), its capacity for leukocyte recruitment into the gut, and the number of CX3CR1+ cells in the circulation and mucosa of IBD patients.
INTRODUCTION
Migration of leukocytes from the vascular compartment into sites of inflammation is a dynamic process mediated by a complex series of interactions between leukocytes and the endothelium. Margination and rolling of leukocytes along the endothelial surface are followed by leukocyte activation, firm adhesion and, finally, transmigration into the interstitium 1 . These cell-cell interactions are finely tuned by several cell adhesion molecules (CAMs) expressed on the surface of both endothelial cells and leukocytes 2, 3 . Leukocyte migration also depends on the existence of a chemoattractant gradient across the blood vessel wall created by a large family of molecules known as chemokines 4 . Under physiological conditions these substances selectively target various types of leukocytes, a process that ensures an appropriate distribution of discrete leukocyte subsets in all tissues and organs 5 . Under inflammatory conditions, including IBD, altered levels and types of chemokines lead to improper leukocyte distribution and accumulation accounting for the presence of inflammatory infiltrates in the target tissues 6 .
Unlike most chemokines, that are small and exclusively secreted, fractalkine (FKN/CX3CL1) is a large, transmembrane molecule, consisting of a chemokine domain bound to the cell surface by a long mucin-like stalk 7 . Transfection studies have revealed that the key function of the mucin portion of FKN is to mediate cell adhesion 8, 9 . This portion extends the chemokine domain away from the endothelial cell surface and enables its presentation to leukocytes, thus directly supporting their adhesion to the endothelium 8, 9 . In addition to this membrane-bound form, a soluble form of FKN is secreted through cleavage at a membrane-proximal site 10, 11 , and this soluble form exhibits efficient chemotactic activity for multiple cell types 12 .
Therefore, due to its unique properties, FKN combines a dual function as an adhesion and chemotactic molecule 13 . FKN is produced by a large number of cell types, including neurons 14 , glomeruli 15 , and epithelial cells 16 , but is particularly prominent in endothelial cells 17, 18 . In addition to its distinctive structure and function, FKN also differs from other chemokines because has a single receptor, CX3CR1, which is expressed primarily on the surface of monocytes, NK cells and CD8+ T-cells, and mediates both adhesive and chemoattractive functions 19, 20 . Like other chemokine receptors, CX3CR1 signals through pertussis toxinsensitive G proteins to induce migration but not adhesion 21 .
Several reports indicate that FKN is involved in the pathogenesis of numerous inflammatory conditions, including atherosclerosis 22 , glomerulonephritis 23 , cardiac allograft rejection 24 , psoriasis 18, 25 , rheumatoid arthritis 26 , systemic sclerosis 27 , and primary biliary cirrhosis 28 . FKN may also play a role in inflammatory bowel disease (IBD). Immunohistochemistry reveals increased FKN expression in Crohn's disease (CD) mucosa 16 , and studies with transformed epithelial cells lines show that CX3CR1 mediates epithelial cell activation and neutrophil migration 29 . In addition, a recent study demonstrates that lamina propria dendritic cells requires CX3CR1 to form transepithelial dendrites necessary to sample luminal antigens 30 , an event potentially relevant to intestinal inflammation. These studies have investigated the pathophysiological role of FKN primarily in regard to epithelial cell function, but whether endothelial cell-derived FKN also contributes to gut inflammation has yet to be explored. Thus, the aim of this study was to investigate whether FKN contributes to IBD pathogenesis by mediating leukocyte adhesion to or transmigration through mucosal microvascular cells, or both.
MATERIALS AND METHODS

Reagents, antibodies, and cell lines
The following antibodies (Ab) were purchased from R&D Systems (Minneapolis, MN): blocking anti-FKN, biotinylated anti-FKN, anti-intercellular adhesion molecule 1 (ICAM-1) (CD54a), and anti-vascular cell adhesion molecule 1 (VCAM-1) (CD106). Antibodies against CX3CR1 were purchased from Torrey Pines Biolabs (Houston, TX) and from Abcam (Cambridge, MA). Phycoerythrin (PE)-conjugated anti-goat Ab was purchased from Caltag (Burlingame, CA) and FITC-conjugated anti-rabbit Ab from BD Biosciences (San Jose, CA). Goat, sheep, and rabbit immunoglobulin (Ig) isotype controls were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Recombinant human FKN was purchased from R&D Systems. PE-conjugated anti-CD3, PerCp-conjugated anti-CD4, and PE-conjugated anti-CD8 were purchased from Dako (Carpinteria, CA), and PE-conjugated anti-CD14 was purchased from BD Biosciences.
CD40L-positive D1.1 T-cells 31 and CD40L-negative Jurkat T-cells were obtained from the American Type Culture Collection (ATCC, Rockville, MD), cultured in RPMI 1640 with 10% fetal bovine serum (FBS) and fed twice weekly. The monocytic cell line THP1 was also obtained from ATCC and cultured in medium containing antibiotics, 1% L-glutamine, 1% nonessential amino acids, 1% sodium piruvate and 5×10 −5 M mercaptoethanol.
Isolation and culture of human intestinal microvascular endothelial cells (HIMEC) and peripheral blood mononuclear cells (PBMC)
Isolation of HIMEC was performed as previously reported 32 . Briefly, HIMEC were obtained from surgical specimens of patients with CD, UC and, as control, from normal areas of the intestine of patients admitted for bowel resection because of colon cancer, polyps, or diverticulosis. HIMEC were isolated by enzymatic digestion of intestinal mucosal strips followed by gentle compression to extrude endothelial cell clumps which adhered to fibronectin-coated plates, and were subsequently cultured in MCDB131 medium (Sigma, St. Louis, MO) supplemented with 20% FBS, antibiotics, heparin, and endothelial cell growth factor. Cultures of HIMEC were maintained at 37°C in 5% CO 2 , fed twice a week and split at confluence. HIMEC were used between passages 3 and 12.
Blood samples were collected from patients with active and inactive UC and CD, and healthy subjects. All diagnoses were confirmed by clinical, radiologic, endoscopic, and histologic criteria, and clinical disease activity was assessed by the Harvey-Bradshaw Activity Index 33 and the Colitis Activity Index 34 . PBMC were isolated from heparinized venous blood, using a Ficoll-Hypaque density gradient, as previously reported 35 . This project was approved by the Institutional Review Board of University Hospitals of Cleveland.
Stimulation of HIMEC with cytokines, leukocytes and CD40L
To study FKN expression on HIMEC surface, cells were plated on fibronectin-coated 24-well cluster plates at a density of 10 5 HIMEC/well. The effect of cytokines on FKN expression was assessed by stimulation of confluent HIMEC monolayers with 100 U/mL of IL-1β, 100 U/mL of TNF-α, 500 U/mL of IFN-γ, 20 U/mL IL-4, 20 U/mL IL-10, or a combination of the previous cytokines, for periods of time ranging from 4 to 72 hours. To evaluate whether the MAP kinases p38 and ERK-1 and -2 were involved in FKN upregulation, additional experiments were performed in which HIMEC monolayers were pretreated for 1 hour with the p38 specific inhibitor SB203580 (Calbiochem, San Diego, CA) or the ERK-1 and -2 specific inhibitor PD98059 (Calbiochem), both at 10 μg/mL, prior to combined TNF-α and IFN-γ stimulation, for 24 hours.
To assess the effect of leukocyte contact on HIMEC surface FKN expression, T-cells (Jurkat) or monocytic cells (THP1) were added to the HIMEC monolayers at a concentration of 1 × 10 6 cells/mL and incubated for 2 or 24 hours. In some experiments HIMEC had been preincubated with 500 U/mL of IFN-γ for 48 hours. In an additional set of experiments 0.2 μm porous membranes were placed between leukocytes and endothelial cells to ascertain whether leukocyte-induced FKN upregulation requires physical contact between both cell types or is mediated by soluble molecules released by leukocytes.
To study the contribution of the costimulatory pathway CD40/CD40L to FKN expression, the CD40L-positive D1.1 T-cells and CD40L-negative Jurkat T-cells were added to HIMEC monolayers at a concentration of 1 × 10 6 cells/mL. In addition, soluble CD40L was added to HIMEC in some wells at 1 μg/mL.
Flow cytometric characterization of HIMEC and PBMC
After exposure to cytokines, leukocytes or soluble CD40L, HIMEC monolayers were washed twice and suspended by a quick trypsin treatment. In some experiments, single HIMEC suspensions were obtained using a gentle detachment buffer (PBS, 20 mmol/L HEPES, pH 7.4, 10 mmol/L ethylenediaminetetraacetic acid, and 0.5% bovine serum albumin) instead of trypsin, as previously described 36 . HIMEC were then incubated with anti-FKN antibody for 30 minutes in ice, washed, and incubated with a PE-conjugated anti-goat Ig Ab. After 30 minutes, cells were washed twice, fixed in 1% paraformaldehyde and FKN expression on HIMEC surface was analyzed by flow cytometry.
Expression of the FKN receptor CX3CR1 was studied in PBMC obtained from CD and UC patients and healthy subjects. PBMC were incubated with the anti-CX3CR1 Ab for 30 minutes in ice, washed, and incubated with a FITC-conjugated anti-rabbit Ig Ab at 4°C. After 30 minutes, cells were washed and stained with either PE-conjugated anti-CD3, PerCp-conjugated anti-CD4, PE-conjugated anti-CD8, or PE-conjugated anti-CD14. Cells were fixed in 1% paraformaldehyde, analyzed, and the percentage of positive cells for CX3CR1 in the CD3+, CD4+, CD8, and CD14+ subpopulations was calculated by concomitantly gating their forward and side double stain distribution for CX3CR1+CD3, CX3CR1+CD4, CX3CR1+CD8, and CX3CR1+CD14. The isotype staining was negligible for all cytometric analyses. All samples were analyzed by quantitative flow cytometry using a Coulter Epics XL Flow Cytometer (Beckman Coulter Inc., Fullerton, CA). Each analysis was performed on at least 10,000 events. Quantification of FKN and CX3CR1 was performed using the Winlist software program (Verity Software House, Topsham, ME).
Quantification of CX3CR1-positive cells in the intestinal mucosa
The number of cells expressing CX3CR1 in control and IBD mucosa was assessed by routine immunohistochemistry using two different Ab under conditions pre-tested to yield optimal staining: the first was a rabbit polyclonal antibody from Torrey Pines Biolabs (# TP502) used on frozen sections at 1:500 dilution; the second was a rabbit polyclonal antibody from Abcam (# 8021) used on paraffin-fixed sections at 1:300 dilution without antigen retrieval. As negative control, the same tissue sections were processed omitting the primary antibody. Multiple sections from 14 control, 9 CD and 11 UC specimens were evaluated by a single investigator (C.F.) blinded to the final diagnosis. All positively stained and unstained lamina propria mononuclear cells were counted in 2-4 randomly selected high power fields, and CX3CR1+ cells calculated as percent of the total number of counted cells. The relative counts using the two Abs were essentially identical in control and IBD tissues, and were combined in the final analysis.
FKN, p38 and ERK immunoblotting
Cytokine-induced expression of FKN on HIMEC surface was also evaluated by Western blotting. Using the experimental conditions described above, HIMEC were stimulated with medium alone, 100 U/mL of TNF-α, 500 U/mL of IFN-γ, or a combination of TNF-α and IFN-γ for 24 hours, lysed and immunoblotting performed using anti-FKN antibody (R & D; # AF365). Recombinant human FKN (R & D) was used as a positive control. To study activation (phosphorylation) of the MAP kinases p38 and ERK-1 and -2 in HIMEC, confluent HIMEC monolayers were exposed to 100 U/mL of TNF-α, 500 U/mL of IFN-γ, alone and combined, or medium alone for 15 minutes. This time point was chosen taking into account the results of previous studies assessing optimal phosphorylation of p38 and ERK 36, 37 . HIMEC monolayers were washed twice and lysed using a buffer containing 50 mmol/L HEPES, pH 7.5, 150 mmol/L NaCl, 1 mmol/L ethylenediaminetetraacetic acid, 10% glycerol, 1% Triton X-100, and 50 mmol/L protease-an 50 mmol/L phosphatase-inhibitor cocktail. Total protein was extracted and its concentration in each lysate measured using the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA). Equivalent amounts of proteins (20 μg) were fractioned on a 10% Tris-glycine gel and electrotransferred to a nitrocellulose membrane (Novex, San Diego, CA). Nonspecific binding was blocked by incubation with 5% milk in 0.1% Tween 20/ Tris-buffered saline, incubated with the appropriate horseradish peroxidase-conjugated secondary antibody (Santa Cruz Biotechnology) and incubated with the chemiluminescent substrate (Super Signal; Pierce, Rockford, IL) for 5 minutes before exposure to film (Amersham, Arlington Heights, IL).
Effect of FKN on active β1 integrin expression
Chemokines can induce changes in integrin conformation on leukocyte surface, leading to a higher integrin activation state and enhanced leukocyte adhesion. To ascertain whether FKN is able to modify the conformation of β1 integrin, we used a monoclonal antibody, 12G10 (Serotec, Oxford, UK), which specifically recognizes the activated form of β1 integrin 38, 39 . PBMC from healthy donors, Jurkat T-cells, and THP1 monocytic cells were cultured with 1, 10, and 50 nM of human recombinant FKN, for different periods of time (1, 5, 10, 30 and 60 minutes). Cells were collected, washed, and expression of active β1 integrin on the cell surface was assessed by flow cytometry. To verify the participation of the G-protein coupled intracellular signaling cascade on β1 integrin conformational changes, PBMC, Jurkat, and THP1 were pretreated with the G-protein inhibitor pertussis toxin (Sigma, St Louis, MI), at 0.4 nM for 45 minutes prior to incubation with FKN. Similarly, in additional experiments cells were pretreated with PP2 (Calbiochem), an Ab directed against the Src kinase p56 lck , prior to incubation with FKN to assess whether this kinase plays a role in the regulation of β1 integrin affinity 39 .
Cell adhesion assay
Endothelial-leukocyte adhesion assays were performed as previously described 40, 41 . Confluent HIMEC monolayers cultured in 24-well cluster plates were left alone or stimulated with a combination of 100 U/mL of TNF-α and 500 U/mL of IFN-γ for 24 hours. To assess the contribution of FKN, CX3CR1, VCAM-1, and ICAM-1 to leukocyte adhesion, 10 μg/mL of either anti-FKN Ab, anti-CX3CR1 Ab, anti-ICAM-1 Ab, anti-VCAM-1 Ab, or a combination of the previous Abs were added to the wells, at 37°C for 1 hour. Extra wells received 10 μg/mL of rabbit, goat or sheep IgG as control Abs. Jurkat or THP1 cells, kept under exponential growth conditions, were labeled with calcein (Molecular Probes, Eugene, OR), added to HIMEC monolayers at 1 × 10 6 leukocytes/well, and allowed to adhere to HIMEC at 37°C in a 5% CO 2 incubator. After 1 hour of co-culture, wells were gently rinsed 4 times with calcium-and magnesium-containing phosphate buffered saline to remove all non adherent leukocytes. Fluorescent adherent leukocytes were quantified by an imaging system (Image Pro Plus; Media Cybernetics, Silver Spring, MD) connected to an Optronics Color digital camera (Olympus) on an inverted fluorescence microscope. Ten random fields were analyzed for each well and results were expressed as number of adherent cells/mm 2 .
Quantification of soluble FKN by ELISA
HIMEC supernatants were harvested by centrifugation at 800xg for 10 minutes at 4°C, aliquoted and stored at −70°C. Supernatants were thawed once and analyzed for soluble FKN content in duplicate using a non-commercially available ELISA. Briefly, plates (Costar, Corning, NY) were coated with anti-FKN Ab by adding to each well 100 μl of anti-FKN Ab, at a concentration of 2 μg/ml in PBS, overnight. Plates were washed and the non-specific binding was blocked with Super Block blocking buffer (Pierce, Rockford, IL) for 2 hours. After subsequent washing, two 100 μl aliquots of each sample were added to their corresponding wells and the plate was incubated for 2 hours. Plates were washed again and 100 μl of biotinylated anti-FKN Ab, at a concentration of 250 ng/ml, were added to each well for 2 hours. After additional washing, 100 μl of 1:100 streptavidin HRP (R&D Systems) dissolved in tris buffer containing 1% bovine serum albumin and 0.05% tween 20 was added to each well for 20 minutes. After this period of time, 100 μl of substrate (R&D Systems) were added and plates were incubated for other 20 minutes in the dark. All procedures were carried out at room temperature.
Chemotaxis and transmigration assays
A modification of the leukocyte transmigration system described by Roth et al. was employed 42 . The method is based on a cluster transwell plate containing polycarbonate 5 μm porous filter inserts (Costar) separating the upper and lower chambers. A HIMEC monolayer was established on the upper chamber filter by seeding 25 × 10 3 HIMEC in MCDB131 containing 20% FBS. Monolayers were grown for 5-7 days until complete confluence was reached and verified by microscopic evaluation of the histochemically stained monolayer (Diff Quick Stain Set, Dade Diagnostics, Aguada, PR). On the day of the assay, the HIMEC monolayer was thoroughly rinsed with MCDB131 medium to remove all serum. THP1 cells were suspended at 2 × 10 6 /mL in PBS with 5% FBS, and labeled at 37°C with 4 μM calcein (Molecular Probes). After 20 minutes monocytes were rinsed twice, resuspended in transmigration medium consisting of 50% RPMI 1640 and 50% MCDB131 medium with 0.5% BSA, and added to the upper chamber at 2,5 × 10 5 /0.1 mL/insert. The insert was placed in a well of the 24-well cluster plate containing 0.5 mL of transmigration medium with or without recombinant FKN or MCP-1, the latter being used as a positive control for monocyte migration 43, 44 . Plates were incubated at 37°C, in 5% CO 2 for 4 hours, after which the inserts were removed, and the bottom surface of the filter was gently scraped to recover cells that had not completely migrated into the lower chamber. The cell suspension in the lower chamber was allowed to settle, and fluorescent cells were quantified using the same imaging system described for the adhesion assay. THP1 were chosen as migrating leukocytes to assess the maximal chemotactic effect of FKN, since essentially 100% of them express CX3CR1. Optimal doses of FKN and MCP1 were determined in preliminary chemotaxis experiments, using the previously described transwell plate, without a HIMEC monolayer between the upper and the lower chamber (data not shown).
Statistical analysis
Data were analyzed by Stat View software (SAS Institute Inc., Cary, NC) using analysis of variance followed by the appropriate post-hoc test or the Mann-Whitney test. Repeated measures for the same subject were analyzed by using Student's paired t test. Values are expressed as mean ± SEM. Statistical significance was set at p< 0.05.
RESULTS
Enhanced cytokine-induced FKN surface expression by IBD HIMEC
Production of chemokines by endothelial cells can be spontaneous or regulated by inflammatory mediators, and it is usually increased in inflammatory conditions like IBD 44, 45 . We initially investigated the capacity of control and IBD HIMEC to express FKN under resting and cytokine-stimulated conditions. Resting HIMEC from control, UC and CD patients displayed low FKN surface expression, but this increased progressively in a time-dependent fashion upon exposure to IL-1β, IFN-γ, or TNF-α (Fig. 1) . Interestingly, the combination of the Th1 cytokines IFN-γ and TNF-α induced a marked and selective synergistic effect, resulting in a significantly higher FKN expression in both CD and UC than control HIMEC ( Fig. 1 and  2) . In addition to the differences in the percentage of FKN+ cells, upregulation of FKN on HIMEC surface was also documented by the correspondent increase in the mean fluorescence intensity (MFI) of HIMEC stimulated with IFN-γ and TNF-α. Synergism was also observed in HIMEC stimulated by IFN-γ and IL-1β combined (data not shown). When the detachment buffer was used to suspend control, UC and CD HIMEC prior to cytokine stimulation, no differences in FKN expression were observed compared to trypsin-treated cells (data not shown).
In contrast to the results seen with Th1 cytokines, stimulation with the Th2 cytokines IL-4 or IL-10 did not increase FKN expression in control or IBD HIMEC (data not shown). Because IL-4 or IL-10 display a potent immunoregulatory activity, we ascertained whether they could modulate FKN upregulation induced by the combination of IFN-γ and TNF-α. However, pretreatment with IL-4 or IL-10 or concomitant addition of these cytokines failed to inhibit the IFN-γ plus TNF-α-induced upregulation of HIMEC FKN expression (data not shown).
Enhanced leukocyte-induced FKN surface expression by IBD HIMEC
In addition to cytokines, we investigated whether other stimuli could also modulate HIMEC FKN expression. Compared to unstimulated HIMEC, contact with T (Jurkat) or monocytic (THP1) cells for a 2-hour period was sufficient to induce a significant (p<0.05) increase in FKN expression on UC and CD, but not control HIMEC. When contact time was extended to 24 hours, a significant enhancement of FKN expression was seen in all HIMEC, but IBD HIMEC further increased their expression to a significantly greater level than control HIMEC (Fig. 3A) . Because IFN-γ appeared to enhance the FKN enhancing capacity of TNF-α (Fig. 1) , leukocytes were put in contact with IFN-γ-pre-treated HIMEC, but this did not result in FKN expression greater than that seen with untreated HIMEC (Fig. 3A) . We have previously shown that leukocyte contact mediated by the CD40/CD40L system causes HIMEC to produce other chemokines such as IL-8 and RANTES 36, 41 . Therefore, we investigated whether contact with CD40-positive D1.1 cells could also induce FKN expression. FKN was induced, but to a similar degree similar than that of CD40-negative Jurkat T-cells (Fig. 3A) . As an additional control, soluble CD40L failed to significantly upregulate FKN expression in both control and IBD HIMEC. When the THP1 monocytic cell line was used the results were comparable to those obtained with Jurkat and D1.1 cells (Fig. 3A) . The same results were obtained when MFI was measured instead of % positive cells (Fig. 3B) . In all cell contact experiments, the magnitude of FKN upregulation was significantly higher in IBD than control HIMEC. Finally, to prove that the above results were strictly dependent on cell-to-cell contact, and not on soluble factors potentially released during the co-culture, parallel experiments were performed using a Transwell system to physically separate leukocytes from HIMEC. As shown in Fig. 4 , no increase in HIMEC FKN expression was noted with any of the leukocytes used.
Secretion of soluble FKN by HIMEC
The results so far demonstrated that FKN is expressed on the surface of HIMEC, where it can function as an adhesion molecule for leukocytes 46 . Because FKN can also function as a leukocyte chemoattractant 43 , we used the Th1 cytokine-dependent experimental system described above to determine whether HIMEC could actually secrete the soluble form of this chemokine. FKN was not detected in unstimulated HIMEC cultures. After activation of HIMEC with the combination of IFN-γ and TNF-α, FKN was detected in the culture supernatants and its level was significantly higher in UC and CD than control cultures (Fig.  5) . This difference was not observed when HIMEC were stimulated individually with TNF-α or IFN-γ. The secretion pattern of soluble FKN by HIMEC essentially paralleled that seen with FKN surface expression in the same cultures (data not shown).
Involvement of p38 and ERK-1/2 in HIMEC FKN production
To explore some of the signaling pathways involved in FKN production, HIMEC were stimulated with either IFN-γ alone, TNF-α alone, or IFN-γ plus TNF-α. TNF-α, alone or in combination with IFN-γ, increased phosphorylation of MAP kinases p38, ERK-1 and -2 in both control and IBD HIMEC, while IFN-γ alone had no affect the baseline phosphorylation status (Fig. 6A) . To determine whether activation of these MAP kinases was directly involved in FKN upregulation, the selective inhibitors SB203580 and PD98059 were added to the HIMEC cultures to block p38 and ERK-1/2, respectively. Flow cytometric analysis demonstrated that both inhibitors caused a significant reduction in the number of FKNexpressing HIMEC, in control, UC and CD cultures (Fig. 6B) . Notably, even though the degree of FKN expression was significantly higher in cytokine-treated IBD than control HIMEC, treatment with the inhibitors reduced FKN expression by IBD to the level of control HIMEC.
Increased FKN receptor-positive cells in the circulation and mucosa of IBD patients
The increased production of FKN by HIMEC in IBD prompted the question of whether the expression of CX3CR1 was also increased on leukocytes of IBD patients. Flow cytometric analysis showed that CX3CR1 expression was markedly and significantly higher in CD3+, CD4+, and CD8+ circulating T-cells of patients with active disease than T-cells from healthy control subjects (Fig. 7) . Notably, when IBD patients in remission were evaluated the number of circulating CX3CR1+ T-cells was similar to that of healthy controls (Fig. 7) . As expected, essentially all circulating monocytes were CX3CR1+, with no significant differences among active and inactive IBD patients and healthy subjects (data not shown). Because CX3CR1 can mediate adhesion of leukocytes 7, 9 , we also measured its expression level on the cell types used in the leukocyte-HIMEC adhesion assays (see below). Expression of FKN receptor was found on a substantial number of Jurkat (19.4±4.8%) and practically all THP1 cells (97.2 ±0.1%).
When the number of CX3CR1+ cells was assessed in the intestine, a markedly greater proportion of positive cells was detected in IBD mucosa (8.78±1.0 %) compared to histologically normal control mucosa (1.77±0.3 %) (p<0.0001). When assessed separately, both CD (8.58±1.1 %) and UC (8.94±1.7 %) mucosa contained a significantly (p<0.0001 for both) greater percentage of CX3CR1+ cells than control mucosa, with no significant difference between CD and UC (Fig. 8) . On note, numerous CX3CR1+ cells were easily detectable in the lumen of or adherent to the wall of the local microvasculature in actively inflamed IBD mucosa (insert in Fig. 8 ).
Contribution of FKN to leukocyte-HIMEC adhesion
Having shown that activated HIMEC upregulate FKN surface expression, we investigated its leukocyte adhesive capacity compared to potent adhesion molecules like VCAM-1 and ICAM-1. Using a previously reported assay 32 , unstimulated HIMEC retained a low number of Jurkat cells, but this number dramatically increased after HIMEC stimulation with IFN-γ plus TNF-α (Fig. 9) . As anticipated, both UC and CD HIMEC adhered significantly (p<0.05) more T-cells than control HIMEC 32 (Fig. 9) . As multiple molecules participate in leukocyteendothelial adhesion, extensive antibody blocking experiments were performed to assess the relative contribution of FKN to this process. Blockade of either FKN or CX3CR1 resulted in a significant decrease in the ability of control, UC and CD HIMEC to retain Jurkat cells, ranging from 18 to 27% (p<0.05 vs. no blockade, Fig. 9 ). Blocking VCAM-1 reduced the adhesion of Jurkat cells to a greater degree than blocking FKN or CX3CR1, whereas ICAM-1 blockade had not effect (Fig. 9) . Simultaneous blockade of FKN and VCAM-1 resulted in further inhibition of T-cell adhesion equivalent to an additive effect. Blocking FKN and ICAM-1 showed a degree of inhibition equal to that of blocking FKN alone, and blockade of all three molecules resulted in an inhibition comparable to that of FKN and VCAM-1 blockade (Fig.  8) . When THP1 cells were used, overall comparable results were observed except that the contribution of FKN to monocyte adhesion was greater, ranging from 32 to 35% (data not shown). As a final control, anti-CD3/CD28-activated normal PBMC were also used in the same assay. About 30% of these cells expressed CX3CR1, and 20-30% of their adhesion to HIMEC was FKN-dependent (data not shown). Control goat, rabbit, or sheep immunoglobulin had no effect on adhesion (data not shown), demonstrating the specificity of FKN and VCAM-1 blockade on leukocyte adhesion.
Induction of active β1 integrin expression by FKN
As part of the global process of leukocyte attraction and retention, chemokines also increase leukocyte integrin affinity 47 . In particular, induction of the active form of β1 integrin on leukocytes increases affinity for VCAM-1 and several extracellular matrix proteins, contributing to a more efficient adhesion to these substrates 48 . To investigate whether FKN could modulate expression of active β1 integrin, we exposed normal PBMC, Jurkat and THP1 cells to several concentrations of FKN, for different periods of time, and measured the expression level of active β1 with a monoclonal antibody that exclusively recognizes the high affinity form of this integrin 49 . Maximal expression of active β1 was obtained using either 10 or 50 nM FKN for 30 minutes. Spontaneous expression of active β1 was low in resting PBMC, and essentially doubled upon exposure to FKN (Fig. 10) . Expression in Jurkat and THP1 cells was substantially higher, reflecting the activated state of these tumor cells, but still significantly increased after exposure to FKN (Fig. 10) . The induction of active β1 on the surface of all three types of leukocytes was almost entirely prevented by the Src kinase p56 lck inhibitor PP2, and totally abrogated by the G protein inhibitor pertussis toxin (data not shown).
Effect of FKN on HIMEC transmigration
After demonstrating the active contribution of FKN to leukocyte adhesion, we finally investigated the capacity of this chemokine to attract and transmigrate leukocytes through resting HIMEC monolayers. In preliminary experiments, where MCP-1 was used as positive control, we demonstrated that FKN was able to induce chemotaxis of TPH1 cells in a dosedependent fashion (data not shown). Subsequently, using an optimal dose of FKN in a Transwell system, we tested its ability to induce transmigration of THP1 cells through control, UC and CD HIMEC. With MCP-1 as positive control, FKN triggered THP1 cell transmigration through HIMEC to a magnitude of 30-40% compared to that of MCP-1 (Fig. 11) , with no significant differences among control, UC and CD HIMEC (data not shown).
DISCUSSION
This study demonstrates that microvascular cells from IBD mucosa produce greater amounts of FKN than those from normal mucosa, and greater numbers of T-cells express CX3CR1 in the circulation of IBD patients than healthy subjects. Thus, the study indicates that FKN is a major mediator of leukocyte-endothelial interaction in gut inflammation.
Both the surface and secreted form of FKN are markedly upregulated by HIMEC upon stimulation with Th1 cytokines, particularly the combination of TNF-α with IFN-γ. Of note, this upregulation was significantly stronger in CD and UC compared to control HIMEC. Although some controversy exists on the expression of FKN by the IBD microvasculature in vivo 50 , our results are in keeping with previous immunohistochemical evidence of increased endothelial cell FKN expression and mRNA in CD tissue 16 . Paralleling the surface expression results, HIMEC stimulation with combined TNF-α and IFN-γ also resulted in a marked increase in the secreted form of FKN, IBD HIMEC once again producing significantly greater amounts of this chemokine than control HIMEC. Considering that levels of most pro-inflammatory cytokines are high in IBD-involved tissue 51 , this could explain the increased production of FKN by the mucosal microvasculature in CD and UC.
Immunoregulatory cytokines can downregulate excessive chemokine production by endothelial cells, as documented by the ability of IL-4 and IL-13 to inhibit FKN production by human umbilical vein endothelial cells 18 . Surprisingly, this did not occur when IBD HIMEC were exposed to IL-4 or IL-10. One explanation could be that this unique cell type is less susceptible to immunoregulatory signals. Alternatively, chronic exposure to the inflammatory milieu of the IBD mucosa may select in vivo for a hyper-producer endothelial cell phenotype which is conserved and quantifiable in culture, similarly to what has been previously shown for the hyper-adhesive phenotype of IBD HIMEC 32 . If these two characteristics of the IBD microvasculature synergize in vivo, this could result in heightened and persistent chemokine production and leukocyte recruitment, and thus contribute to chronicity of inflammation. Apart from cytokines, HIMEC activation mediated by direct contact with T-cells and monocytes was also a potent inducer of FKN upregulation on the endothelial cell surface, similar to what has been observed with antigen-specific CD4+ T-cells 52 . Once again, leukocyte contact with CD and UC HIMEC produced higher FKN levels than control HIMEC, reinforcing the notion that the heightened degree of responsiveness of IBD microvascular cells is a phenomenon independent of the type of stimulatory signal.
The mechanism of FKN production by HIMEC may differ from that of other chemokines. In fact, we previously reported that both IL-8 and RANTES were comparably induced in HIMEC by cell-bound as well as soluble CD40L 41 . In contrast, CD40L-positive D1.1 cells were able to trigger FKN production but not the soluble form of CD40L. The reason for this difference is not apparent, but HIMEC FKN production may be dependent on complex physical cell surface interactions but independent of the CD40/CD40L pathway.
When some of the signaling pathways governing FKN upregulation in HIMEC were investigated, enhanced phosphorylation of the MAP kinases p38, ERK-1 and -2 was detected early after HIMEC stimulation by TNF-α alone or TNF-α combined with IFN-γ, but not IFN-γ alone. This observation, combined with the ineffectiveness of CD40 signaling may suggest that broad pro-inflammatory rather than selective stimuli are needed for efficient signaling leading to FKN production. FKN upregulation on HIMEC surface was markedly reduced when these cells were pretreated with a specific inhibitor of p38 (SB203580) or ERK (PD98059), demonstrating that both MAP kinases have an important regulatory role on FKN expression. These results agree with those of a previous study, in which we showed that inhibiting p38 significantly reduces CD40-mediated IL-8 production by HIMEC 36 . Interestingly, the degree of inhibition of FKN production by both inhibitors was clearly greater in both UC and CD than control HIMEC, suggesting a modulatory potential of these substances for inhibition of FKN and other chemokines in gut inflammation 53 . This notion is supported by two recent studies showing that SB203580 is able to attenuate DSS-54 as well as TNBS-induced murine colitis 55 .
If the increased HIMEC FKN production in IBD mucosa is involved in disease pathogenesis, this cytokine should attract to the gut and engage a large population of CX3CR1+ leukocytes to mediate inflammation. This scenario is supported by two complementary observations. First, both CD and UC patients with active disease have a significantly increased number of CX3CR1 + T-cells in the peripheral circulation, CD8+ T-cells predictably predominating over CD4+ Tcells 56 . Notably, increased CX3CR1 expressing T-cells were detected exclusively in patients with clinically active disease, whereas in patients in remission the number of FKN receptorbearing cells was comparable to that of healthy subjects. Second, a fivefold increase in the percentage of CX3CR1+ was detected in the lamina propria of both CD and UC mucosa compared to normal control mucosa, a finding compatible with an enhanced recruitment of CX3CR1+ cells in response to an increased production of FKN by the local microvasculature. Large numbers of CX3CR1+ cells are seen in patients with other inflammatory conditions such as rheumatoid arthritis 26 , systemic sclerosis 27 , and allergic asthma and rhinitis 57 , all of which also display high endothelial cell FKN expression in the affected tissues. These reports, combined with the results we found in IBD, makes likely that a high CX3CR1 expression by circulating leukocytes reflects an elevated FKN production by the inflamed microcirculation of the target organ.
Given the increased number of FKN+ endothelial cells and of CX3CR1+ T-cells, a physical interaction between them must occur in IBD mucosa. Considering the biological properties of FKN, leukocyte attraction and adhesion could occur, and both were specifically investigated in our study. Using an established adhesion assay and multiple blocking antibodies we initially defined the relative contribution of FKN to leukocyte-endothelial adhesion. By neutralizing the activity of FKN or blocking its receptor, it became evident that a sizeable proportion of leukocyte adhesion to HIMEC was FKN-dependent. For T-cells, this proportion was not as high as that dependent on VCAM-1, while for monocytes FKN-dependent adhesion was as high as that of VCAM-1. In contrast, the contribution of FKN to T-cell and monocyte adhesion was clearly more important that that of ICAM-1. In view of these results, it seems justified to conclude that FKN acts a major adhesion molecule involved in leukocyte recruitment into IBD mucosa. Our findings are in keeping with other studies demonstrating the capacity of FKN to capture and adhere various CX3CR1-expressing leukocyte subsets in other experimental systems, like immobilized FKN or FKN fusion proteins 21, 43, 46, 58-60 , FKN-transfected endothelial cells 46, 58, 60 , 58, 60 . In addition to its intrinsic adhesive function, there is indirect evidence that FKN also cooperates with other adhesion molecules, presumably by augmenting integrin affinity 43, 58 . VCAM-1 is essential for leukocyte adhesion to endothelium, but so far there is no direct evidence that FKN upregulates the active form of β1 integrin 38, 49 , a component of the VCAM-1 counterreceptor α 4 β 1 integrin. We measured the expression of the active form of β1 integrin on different leukocytes exposed to FKN, and observed a significant increase in its expression, a specific effect abrogated by Src kinase p56 lck and G protein blockade. Thus, FKN produced in the microcirculation likely contributes to recruitment of leukocytes in the mucosa not simply by mediating the CX3CR1-FKN physical interaction on the endothelial surface, but also enhancing their integrin affinity which strengthens leukocyte interaction with other adhesion molecules like VCAM-1.
Finally, we assessed the capacity of FKN to act as a pure chemotactic molecule by inducing transendothelial migration of THP1 cells. A significant degree of THP1 cell migration through HIMEC was observed, though to a lesser degree than that induced by MCP-1, the prototypical monocyte chemoattractant 43, 44 . These results indicate that FKN, although displaying features different from those of other classes of chemokines 43, 44, 61, 62 , can also play a traditional chemotactic role in IBD, particularly for CD16+ monocytes 60, 63 .
In summary, translating our in vitro results to the in vivo situation, the milieu of the IBD mucosa, with its high content of pro-inflammatory cytokines and high density of leukocytes, seems to be an ideal environment to stimulate FKN production by the local microvasculature. In turn, endothelial cell-derived FKN exerts a localized proinflammatory response through multiple complementary functions that include leukocyte retention, integrin affinity upregulation, chemoattraction and transmigration. These crucial activities of FKN have not been previously reported in the context of IBD. Interference with the chemokine system is currently considered an effective approach to inflammatory diseases 64 , and disrupting FKN/CX3CR1 interactions could represents a promising therapeutic approach for IBD. Preliminary evidence supporting this concept is emerging from animal models of inflammation, where blockade of FKN with specific antibodies results in improvement of experimental collagen-induced arthritis and autoimmune myositis 65, 66 . Enhanced upregulation of FKN expression on HIMEC surface by leukocyte contact. Control, UC, and CD HIMEC monolayers were left untreated or cultured with CD40L-negative Jurkat T-cells, CD40L-positive D1.1 T-cells, THP1 monocytic cells, or sCD40L for 24 hours, after which leukocytes were removed and the percentage of FKN-expressing HIMEC (3A) and MFI (3B) were assessed by flow cytometric analysis. Where indicated, HIMEC were pretreated with IFN-γ for 48 hours, prior to co-culture. Each bar represents 4-5 separate HIMEC lines. * p<0.05-0.01 for stimulated compared to unstimulated (none) HIMEC; ** p<0.05 for CD and UC compared to control HIMEC. A) Cytokine-induced phosphorylation of p38 and ERK in HIMEC. HIMEC monolayers were left untreated or stimulated with IFN-γ, TNF-α, or IFN-γ plus TNF-α for 15 minutes, after which cells were washed, lysed, and total protein extracted for hybridization with a phophop38-or phospho-ERK specific antibody. The figure is representative of 3 separate experiments. B) Decrease of FKN-expressing HIMEC by p38 and ERK inhibitors. Control, UC and CD HIMEC monolayers were left untreated or pretreated for 1 hour with the p38 inhibitor SB203580 or the ERK-1 and -2 inhibitor PD98059 prior to stimulation with IFN-γ plus TNF-α. After 24 hours, the percentage of FKN-expressing HIMEC was assessed by flow cytometric A) Differential CX3CR1 expression by T-cells from healthy and IBD subjects. PBMC were isolated from healthy subjects (normal, n=10) and patients with active CD (n=8), inactive CD (n=8), active UC (n=9), and inactive UC (n=7). Cells were co-stained for CX3CR1 and CD3, CD4 and CD8, and the percentage of positive cells for each subpopulation calculated. * p<0.05 for active UC and CD compared to normal and inactive UC and CD. Relative contribution of FKN to HIMEC-T-cell adhesion. Confluent HIMEC monolayers were left unstimulated (white bars) or stimulated (back bars) with TNF-α and IFN-γ. After 24 hours, calcein-labeled Jurkat T-cells were co-cultured with the HIMEC monolayers for 1 hour after which the monolayers were rinsed and retained leukocytes quantified using a computerized imaging system on an inverted fluorescence microscope. To assess the relative contribution of FKN, CX3CR1, VCAM-1, and ICAM-1 to adhesion, antibodies specific for each molecule were added alone (gray bars) or in combination to HIMEC or Jurkat cells (shaded bars). Each bar represents 4 separate HIMEC lines. * p<0.05 for antibody-treated compared to -untreated HIMEC. FKN-induced transmigration of THP-1 cells through HIMEC monolayers. HIMEC monolayers were grown to confluence on filter inserts separating the upper and lower chambers of a Transwell system. Calcein-labeled THP1 cells were placed in the upper chamber overlaying the HIMEC monolayer, while medium alone, MCP-1 or FKN were added to the lower chamber. After a 4 hour incubation period, migrated cells were quantified using a computerized imaging system on an inverted fluorescence microscope. Each bar represents 3 separate HIMEC lines. * p<0.05 for FKN compared to unstimulated, and MCP-1 compared to FKN.
